A one hundred hour test of a 100 mA class microwave discharge neutralizer was performed to investigate the erosion rate and deposition in the neutralizer. The mass loss of each component (antenna, discharge chamber wall, front yoke, back yoke, insulator and orifice) was measured in diode mode (contact voltage of 50 V) at a constant incident microwave power of 8 W and xenon mass flow rate of 49 µg/s. The measured erosion rates of the discharge chamber and the antenna were 180 µg/hr and 10 µg/hr, respectively. The element concentration of the deposited material on the back yoke and insulator were measured; the contamination on the insulator was found to contain 34% copper from the wall and 6% molybdenum from the antenna.
Introduction
There have been many missions using ion engines for primary propulsion, 1) including Deep Space I, 2) HAYABU-SA, 3) HAYABUSA2, 4) Gravity Field and Steady-State Ocean Circulation Explorer (GOCE), 5) and others, and these missions have shown the usefulness of the ion engine. HAY-ABUSA showed the robustness of the microwave discharge ion engine, which is simpler than the conventional electron bombardment-type ion source system, 3) and its success led to the development of microwave discharge ion engines of various thrust levels. 6, 7) For the development of the microwave discharge ion engine, the estimated lifetime is important: various parameters, including size, thrust level, and microwave frequency, will be determined based on expected lifetime. An understanding of the HAYABUSA ®10 thruster will contribute to this development, but lifetime verification tests will be needed for new thrusters. Unfortunately, experimental testing of full thruster lifetime would be prohibitively expensive and would tie up valuable vacuum facilities for several years. 8) Numerical simulation can be a powerful tool for investigating the lifetime of ion engines and improving their endurance. The Opt code used numerical simulation to calculate the life expectancy of the ion thruster head. 9) A lifetime estimation code for the microwave neutralizer is also under development. [10] [11] [12] For validation of the code, however, the erosion rate of each component in the neutralizer and the origin of the deposited material, as well as plasma parameters inside the neutralizer, must be known. As demonstrated by Ohmichi and Kuninaka, contamination on the dielectric around the antenna is significant over the lifetime of the neutralizer.
13) Therefore, an experimental test was performed to measure the erosion rate of the components and the origin of deposited material in the thruster.
Experimental Setup
A cross-section of the 100 mA class microwave discharge neutralizer developed at Kyushu University is shown in Fig. 1 . The inner diameter of the discharge chamber is 18 mm and the length is 12 mm. The orifice diameter is set at 5 mm, which is the optimum diameter in this configuration.
14) The ion source consists of an antenna and a magnetic circuit, orifice plate, and discharge chamber. In order to facilitate detection of the origin of material deposited on the components, each part is constructed of a different material. That is, the antenna, chamber wall, front and back yokes, and orifice plate are made of molybdenum, copper, soft iron, and aluminum, respectively. The use of high sputtering yield material, namely copper and aluminum, accelerates the degradation of performance.
The magnetic circuit consists of 15 samarium cobalt (SmCo) permanent magnets (4 Â 4 Â 12 mm 3 ) and iron yokes. Magnetic mirrors are located at the tips of the central yoke and the front yoke. 15) Electrons are trapped in the region between the magnetic mirrors and oscillate between the mirrors for effective ionization. The magnetic field distribution inside the discharge chamber is shown in Fig. 2 .
A 2.45 GHz microwave power amplifier is used in this configuration. Microwave power is fed through a coaxial line into a 1 mm diameter molybdenum L-shaped antenna. Electrons are collected by a collector 20 mm downstream of the neutralizer. +50 V is applied at the collector against the neutralizer.
High-purity (99.9995%) xenon gas is used as the propellant. A thermal mass flow controller was used; the flow rate error was less than 2% for a xenon mass flow rate of 49 ®g/s. A 1.0 m diameter by 1.2 m long vacuum chamber was used for the present experiments. The pumping system comprises a turbo molecular pump with an overall pumping speed of 2300 l/s for air. The background pressure was maintained below 1:0 Â 10 À3 Pa at a xenon mass flow rate of 49 ®g/s. Figure 3 shows the extracted electron current and reflected microwave power during the 100-hr test at an incident microwave power of 8 W and xenon mass flow rate of 49 ®g/s in diode mode (contact voltage of 50 V). Note that the incident microwave power is defined as the forward microwave power, not net microwave power (net power ¼ forward power À reflected power). The electron current gradually decreases with time and reflected power gradually increases with time. The discontinuities seen in the data are due to the use of cooling periods; this experiment was performed in units of at most 14 hours with cool down periods of at least 8 hours between. The current jump at 78 hours is due to mode change, and the reflected power decreases from 1.5 W to 0.5 W. The reason for this phenomenon is unknown and is under investigation. Table 1 shows the mass loss for each component after 100 hours of operation. Weight loss can be detected at each component. The uncertainty of weight measurement is 0.2 mg, so the uncertainty of the erosion rate is 2 ®g/hr. The antenna, made of molybdenum, is eroded at 1 Â 10 1 ®g/hr, in spite of the high sputtering threshold of 46.8 eV. The most-eroded part is the chamber wall; its erosion rate is 1:8 Â 10 2 ®g/hr. This is to be expected, given the high sputtering yield of copper.
Results and Discussion
16) The erosion rates of the orifice plate, front yoke, and back yoke are negative. That is, the mass of each part increases; as shown in Fig. 4 , eroded atoms were deposited on these components at a rate exceeding the erosion rate.
The thin film deposited on the back yoke (shown in Fig. 4 ) was analyzed by means of X-ray fluorescence (XRF) and was found to consist of copper (81%), aluminum (16%), iron (2%), and other materials, as shown in Table 2 . Most of the deposited atoms come from the copper chamber wall, which is the most-eroded component and is in direct contact with the back yoke. Eroded aluminum atoms from the orifice plate were also deposited on the back yoke.
Deposition of the metal atoms on the insulator degrades the plasma coupling with microwaves and decreases net power into the plasma; this leads to a decrease in the extracted electron current and an increase in reflected power. 7) As shown in Fig. 5 , deposition on the insulator was observed. XRF analysis of the whole body of the insulator showed that the deposited material consists of aluminum (45%), silica (23%), copper (10%), molybdenum (6%), potas- sium (4%), iron (4%), and other materials, as shown in Table 3 . The ratio of molybdenum is relatively high due to the proximity of the (molybdenum) antenna. The insulator itself consists of Al 2 O 3 , SiO 2 , and other materials, which explains the high ratio of aluminum and silica. The decomposition ratio of the deposited layer was investigated using energy dispersive X-ray spectroscopy (EDX) in two regions, the deposition region (region A, as shown in Fig. 6(a) ) and the non-deposition region (region B, as shown in Fig. 6(b) ). This technique allows detection of the contaminants in the layer itself, as distinct from the elements of the components on which the layer is deposited. The diameter of the observed region is 1 mm. Table 4 shows EDX results; copper, which comes from the discharge chamber, and molybdenum, which comes from the antenna, and iron, which comes from yoke, were detected. Unfortunately, EDX only detects elements heavier than sodium, and the detection sensitivity of Na-S is very low, so it cannot detect aluminum. Potassium, calcium, rubidium, strontium, zirconium and titanium were detected as insulator composition material, and some iron may have been attached to the insulator when it was set, since iron was detected in the non-deposition region.
These results show that the deposited atoms on the insulator come from the antenna as well as from the chamber wall and the yokes.
Conclusion
In order to validate numerical simulations and develop a deeper understanding of the physical processes taking place inside a microwave discharge neutralizer, the erosion rate of each component in the neutralizer and the origin of material deposited on the components were investigated during a one hundred hour operation test. Deposition on the back yoke was primarily from the chamber wall and molybdenum atoms eroded from the antenna were spread over the whole discharge chamber and the insulator around the antenna. These results suggest that eroded atoms from the chamber wall and the yokes, as well as from the antenna, should be accounted for in any consideration of the degradation mechanisms of the neutralizer. These results will contribute to the development of numerical simulation facilities for the lifetime certification of microwave discharge neutralizers. 
